Abbreviations used in this paper; AVM = arteriovenous malformation; GKS = Gamma Knife surgery.
G amma knife surgery is widely used as an effective initial or adjuvant treatment of cerebral AVMs. 12, 15, 18 Unfortunately, GKS for AVMs may be followed by various complications such as radiationinduced edema, [1] [2] [3] cyst formation, 7, 16, 20 chronic encapsulated expanding hematoma, 11, 13, 14 and radiation-induced tumor. 8 Cyst formation is the most common complication, but the mechanisms of cyst formation and enlargement remain unclear. This complication is clinically important because surgical treatment is required in some cases. 19 The incidence of cyst formation is 1.6% of all treated cases, but it is 3.6% in patients whose follow-up extends longer than 5 years after GKS, indicating cyst formation is more likely to occur over longer periods. 16 In the present study we retrospectively analyzed cases in which cyst formation occurred after GKS for treatment of an AVM so that we could evaluate the mechanisms of cyst formation and enlargement.
Methods
Twelve male and 6 female patients, ranging in age from 17 to 47 years (mean 27.3 years), were retrospectively identified among 775 patients who underwent GKS for an AVM at our hospital (Table 1) . Gamma Knife surgery was performed with the aid of a Leksell gamma unit (model B; Elekta Instruments, Inc., Norcross, GA) and Gamma Plan treatment software (Elekta AB, Stockholm, Sweden) or KULA (Elekta AB). Not all patients who underwent GKS at our hospital underwent follow-up with us; thus, the exact occurrence rate of late complications was unclear. In our retrospective analysis we examined the calculated volume of the AVM nidus, the prescription radiation dose delivered to the nidus margin, the timing of changes on neuroimages, follow-up images of cysts, in- 
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Object. The authors retrospectively studied the mechanism of cyst formation and enlargement after Gamma Knife surgery (GKS) for arteriovenous malformations (AVMs).
Methods. Eighteen patients in whom cyst formation developed following GKS for AVM were retrospectively identified among 775 patients who underwent GKS for AVM at Yokohama Rosai Hospital. The study group was composed of 12 male and 6 female patients ranging in age from 17 to 47 years.
Results. Chronic encapsulated expanding hematoma was associated with the cyst in 5 patients. The AVM nidus volume at the time of GKS ranged from 1.9 to 36 cm 3 , and the prescription radiation dose was 18-25 Gy. Complete obliteration of the AVM nidus was obtained in 13 patients and partial obliteration in 5 patients. Cyst formation was detected between 2.6 and 15 years after GKS. Craniotomy was performed in 10 patients, including 2 patients in whom the incompletely obliterated nidus was removed at the same time, and an Ommaya reservoir was placed in 2 patients. Spontaneous regression of the cyst was observed in 1 patient. Serial MR imaging was performed in the other patients because the size of the cyst was stable or the lesion was asymptomatic. Histological examination of the cyst wall revealed linear hemosiderin deposits with gliosis. The nodular lesion, which was enhanced on MR images, contained granulation tissue with chronic hemorrhage from newly developed capillary vessels.
Conclusions. Cysts developing after GKS for AVM enlarge mainly due to repeated minor hemorrhages from a reddish nodular angiomatous lesion that develops within an adjacent brain area. Thus, the optimal treatment is wide opening of the cyst with removal of the associated angiomatous lesion by craniotomy. traoperative findings, and histological findings of the cyst wall and associated granulomatous lesions. All patients underwent GKS, which was approved by the local ethics committee after written informed consent had been obtained from the patient or responsible relative.
Results
Chronic encapsulated expanding hematoma was associated with the cyst in 5 of the 18 patients (Table 1) . Previous bleeding was observed in 7 patients. Axial imaging of the cyst in each case is shown in Fig. 1 . The AVM nidus volume at the time of GKS ranged from 1.9 to 36 cm 3 (median 6.1 cm 3 ), and the prescription radiation dose at the nidus margin was 18-25 Gy (median 20 Gy). Complete obliteration of the nidus was achieved in 13 patients, and partial obliteration was obtained in 5 patients. Cyst formation was detected between 2.6 and 15 years (mean 7.0 years) after GKS. The median maximum size of the cyst on axial MR images was 39 mm. Craniotomy was performed in 10 patients, including 2 patients in whom the incompletely obliterated nidus was removed at the same time, and an Ommaya reservoir was placed in 2 patients. Spontaneous regression of the cyst was observed in 1 patient. Serial MR imaging was performed in the other patients because the size of the cyst was stable or the cyst was asymptomatic. The contents of the cyst were analyzed in 4 patients (Cases 1, 5, 17, and 18); they were xanthochromic in 4 patients (Cases 1, 5, 13, and 18) and apparently hemorrhagic in 1 patient (Case 17). The mean protein concentration was 4397.9 mg/dl (range 2954-7263.5 mg/dl).
Illustrative Cases
Case 1. This 45-year-old man underwent GKS for a left frontotemporal AVM, which was treated with a radiation dose of 18 Gy to the lesion's margins. A cyst developed 13.5 years after GKS and gradually increased in size (Fig. 2) . Left carotid angiography showed complete disappearance of the AVM nidus. The patient complained of right weakness and motor aphasia, and thus we placed an Ommaya reservoir with the aid of a local anesthetic agent (Fig. 2) . The cyst contents were xanthochromic with a protein concentration of 3629 mg/dl. After surgery, aspiration of the Ommaya reservoir was necessary 3 times, after which the cyst gradually decreased in size with improvement in the patient's neurological symptoms. Three years after surgery, this patient continues to participate in follow-up as an outpatient in good condition. This case demonstrates findings of intermittent intracystic hemorrhage and a high protein concentration in the cyst contents.
Case 13. This 27-year-old man underwent GKS for a left frontal AVM, accomplished using a margin dose of 20 Gy. The patient was admitted to our hospital because he experienced general convulsions 5 years after GKS. Magnetic resonance imaging with Gd-GTPA enhancement revealed cyst formation associated with a nodular lesion (Fig. 3) . The patient underwent cyst opening with removal of a reddish nodular lesion. The cyst contents were xanthochromic with a protein concentration of 2811 mg/dl. Histological examination of the cyst wall revealed linear deposits of hemosiderin with gliosis, but no evidence of fresh hemorrhage in the cyst wall (Fig. 4 left) . Histological examination of the nodular lesion demonstrated granulation tissue with chronic hemorrhage from newly developed capillary vessels (Fig. 4 right) . This case demonstrates the possibility of intracystic hemorrhage from a nodular lesion that is enhanced by Gd-DTPA on MR images.
Case 17. This 40-year-old man underwent GKS for a callosal AVM using a margin dose of 20 Gy. The patient was admitted to our hospital because he suffered from headache 5 years after GKS. Cyst formation associated with a nodular lesion was found on Gd-DTPA-enhanced MR images (Fig. 5) . Intracystic hemorrhage was apparent. The patient underwent cyst opening with removal of the nodular lesion. The cyst contents were hemorrhagic, and histological examination of the cyst wall revealed deposits of hemosiderin with gliosis. Histological examination of the nodular lesion demonstrated hemorrhage from newly developed capillary vessels. This case illustrates chronic hemorrhaging into the cyst cavity from an angiomatous lesion.
Case 18. This 35-year-old woman underwent GKS with a margin dose of 25 Gy for a right occipital AVM. The patient was admitted to our hospital because she suffered from headache 12 years after GKS. Cyst formation with a nodular lesion was identified on Gd-DTPA-enhanced MR images (Fig. 6) . The patient underwent cyst opening with removal of the nodular lesion. The cyst contents were xanthochromic with a high protein concentration (2954 mg/dl). Histological examination of the degenerated nidus revealed an endothelium that was markedly thickened, probably due to radiosurgery (Fig. 6) . The reddish nodular angiomatous lesion contained capillary vessels with dilated sinusoid vessels compatible with a cavernous angioma. This case suggests the possibility of a radiation-induced cavernous angioma as a cause of intracystic hemorrhage.
Discussion
Pathologically, a cyst is a unilocular or multilocular epithelium-lined cavity that contains liquid or gaseous materials. Non-epithelium-lined cavities are classified as "pseudocysts." In clinical practice, both pseudocysts and cysts are generally referred to as "cysts." To be exact, a cystic cavity that develops after GKS is performed to treat an AVM should be called a "pseudocyst." For the sake of convenience, however, we use the term "cyst" in this study.
The exact mechanism of cyst formation remains unclear. We examined the dose-volume relationship in our series. Three patients harbored an AVM with a large nidus (> 20 cm 3 ), but the median volume in this series was 6.1 cm 3 , which was not so large. Cysts developed in patients with an AVM nidus that was relatively small, such as 1.9, 2.4, and 3.1 cm 3 . Finally, the median margin dose of 20 Gy is the standard dose used to treat an AVM, and we could not find any definite correlation between the dose-volume relationship and cyst development. Previous cases of cyst formation following GKS for an AVM are summarized in Table 2 . 5, 7, 9, 16, 17 In most of these series, the margin dose did not differ between all treated cases and cyst formation cases. The nidus volume at the time of GKS in the cases of cyst formation was relatively large in the series described by Pollock ). However, the nidus volume was not so large in the series described by Pan et al. 16 (3.9 cm 3 ) or in our series (median 6.1 cm 3 ). Therefore, we think that a large nidus volume or a high radiation dose may be risk factors, but they are not essential. Pan et al. 16 also found no correlation between cyst formation and AVM size or treatment dosage. We emphasize that cyst formation following GKS for AVM may occur even if the nidus is relatively small or the prescribed margin dose is not so high. Prior bleeding was found in 7 (38.9%) of 18 patients. Bleeding before GKS was observed in 362 (46.7%) of all 775 treated patients at our institution, and thus prior bleeding is also unlikely to be important in delayed cyst formation.
Increased permeability of injured blood vessels of the nidus, breakdown of the blood-brain barrier, and liquefaction of coagulation necrosis have all been suggested as possible causes of cyst formation. 20 Our experience suggests that the initial stage of cyst formation is radiationinduced inflammation in the brain parenchyma around the irradiated nidus. This inflamed area is enhanced by Gd-DTPA on MR images. In Case 8 in this study, changes in the shape and size of the enhanced lesion were evident on MR images at the initial stage of cyst formation (Fig.  7) . Extravasation of fluid from the inflammatory lesion results in the formation of a small cavity. Subsequently, in some cases this inflammation subsides and the cyst size decreases or stabilizes. On the other hand, angiomatous changes, such as the appearance of newly developed capillary vessels, may occur in the inflammatory lesion. Infiltration of inflammatory cells, granulomatous change, and chronic hemorrhage from newly developed capillary vessels were evident in our cases. These vessels are fragile and bleed repeatedly. Histological examination in Case 13 showed hemosiderin deposits on the cyst wall and fresh hemorrhage in the reddish nodular lesion. Repeated hemorrhage into the cyst cavity increased protein content and osmotic pressure, which caused the cyst to enlarge. Xanthochromic cyst contents with a high protein concentration were observed in our surgically treated cases, typically as shown in Cases 1 and 18. In Case 13 there was a very high protein concentration and deposits of hemosiderin on the surface of the cyst wall but not within the wall itself. These findings indicate that the origin of the hemorrhage was not the cyst wall. Previously, no evidence of neoplasia was found in cyst wall specimens. 16 The increase in cyst size is mainly due to repeated hemorrhage from the angiomatous lesion into the cyst cavity. The appearance of nouveau formation on CT scans, as seen in Case 1 (Fig. 2) , and findings of intracystic hemorrhage during surgery, as seen in Case 17, are also suggestive of this mechanism. Repeated hemorrhage from a degenerated irradiated nidus is also possible, but it is less likely because the angiographic and operative findings indicated complete occlusion of the nidus. In addition, an AVM associated with a cyst has been reported but that is rare. 4, 6 Magnetic resonance imaging detected nodular enhancement in 10 patients. In our early experience, Gdenhanced MR imaging was not used in the follow-up of patients with AVMs after GKS. Therefore, the occurrence of an angiomatous nodular lesion was not confirmed in 3 patients.
A reddish angiomatous nodular lesion was found and removed by surgery in Case 7, although Gd was not administered during preoperative MR imaging. The origin of this angiomatous lesion is unclear. An origin in the irradiated nidus is possible, but we think that the adjacent brain parenchyma is more likely, because the occurrence of an angiomatous lesion following GKS is not specific for an AVM. We had a case in which chronic encapsulated expanding hematoma developed within the brain parenchyma 11 years after GKS and radiotherapy for a dural arteriovenous fistula of the transverse-sigmoid sinus (Fig. 8) . The operative findings indicated that a chronic encapsulated expanding hematoma was located under the arachnoid membrane and had developed in the brain parenchyma, with no continuity with the transverse-sigmoid sinus. From this case, we infer that radiation-induced angiomatous change after GKS is not specific to an AVM, and an angiomatous lesion has no continuity with the irradiated lesion in some cases. Based on our experience, a reddish nodular lesion, enhanced on MR imaging, is located between the occluded nidus and brain parenchyma, but does not lie entirely on the surface of the occluded nidus (Fig. 9) . Therefore, we speculate that the angiomatous lesion develops within the brain parenchyma adjacent to the irradiated nidus. Figure 10 demonstrates a schematic drawing of the relationship between the nidus, angiomatous lesion, and cyst. If the angiomatous lesion were to develop within the degenerated nidus, all of the angiomatous lesion would be located on the surface of the nidus (Fig. 10 upper) . However, we have no experience of such cases. If the angiomatous lesion develops in the brain parenchyma adjacent to the nidus, part of the angiomatous lesion is buried in the brain (Fig. 10 lower) , as shown in Fig. 9 .
If the hemorrhage from an angiomatous lesion spreads mainly into the brain parenchyma, a cyst develops and enlarges. On the other hand, if the hemorrhage occurs mainly within the angiomatous lesion, a so-called chronic encapsulated expanding hematoma develops. Therefore, a cyst with an angiomatous lesion and an expanding hematoma are essentially the same, and coexist in some cases. The histological examination of a chronic encapsulated expanding hematoma and the possibility of occurrence of cavernous angioma have been reported. 13 However, in our series, a cavernous angioma-like lesion was found in only one case (Case 18). Enhanced nodular lesions on MR images associated with a cyst may be of variable types such as radiation-induced cavernous angioma and non-cavernous angioma-like granulation tissue with newly developed fragile capillary vessels.
Predicting the future course of a cyst is very diffi- cult. In our experience, some cysts become very large but remain asymptomatic or spontaneously decrease in size. In Case 8 a variety of changes appeared on follow-up images. Cyst formation developed 2.6 years after GKS, and the size of the cyst changed on follow-up imaging. In addition, the enhanced region around the cyst also changed. This transient enhancement is thought to represent inflammation rather than a developing angiomatous lesion.
We recommend regularly scheduled follow-up examinations for patients with asymptomatic cyst formation. If the cyst apparently increases in size and becomes symptomatic, surgery is indicated. 19 Placement of an Ommaya reservoir under local anesthesia is recommended for such cases. 10 Neurological symptoms tend to improve immediately after aspiration of the cyst content. Control of cyst growth is also obtained by repeat aspiration in most cases, although the long-term outcome remains unclear. Cystoperitoneal shunt insertion is also recommended. 17 We placed an Ommaya reservoir in the patients in Cases 1 and 4, and cyst development was successfully controlled for at least 3 years (Case 1), although craniotomy for an associated expanding hematoma became necessary in Case 4. A series of 20 patients with delayed cyst formation included 6 who were symptomatic; 3 of these 6 patients received surgical treatment. 16 Two underwent craniotomy, and an Ommaya reservoir was placed in another patient, which was later converted to a cystoperitoneal shunt. One of two patients with cyst formation underwent cyst fenestration by craniotomy. 9 A less invasive cystoperitoneal shunt has been recommended for initial treatment, as is secondary cyst excision if the mass effect is not relieved by the cystoperitoneal shunt. 17 However, the presence of an enhanced nodular angiomatous lesion on Gd-enhanced MR images was not discussed in these series. As we have suggested, delayed cyst formation becomes symptomatic due to a mass effect, which results from repeated minor hemorrhage from the angiomatous lesion. Therefore, we believe that craniotomy and wide opening of the cyst with removal of the angiomatous lesion is essential for the treatment of a cyst associated with an angiomatous lesion. Placement of an Ommaya reservoir in the opened cyst cavity will then not be necessary. Endoscopic surgery with cyst fenestration and removal of an angiomatous lesion may be useful for a deep-seated or multilobular cyst. Our proposed treatment algorithm is summarized in Fig. 11 .
Conclusions
Cyst formation is clinically important as a late complication following GKS for an AVM. This complication should be taken into consideration during follow-up of patients. Cysts developing after GKS for an AVM enlarge mainly because of repeated minor hemorrhage from a reddish nodular angiomatous lesion that develops within an adjacent brain area. This indicates that the optimal treatment is wide opening of the cyst with removal of the associated angiomatous lesion by craniotomy. 18 (A), 17 (B), and 16 (C) showing that the cyst wall is brown. Reddish nodular angiomatous lesions (arrows) were easily identified buried in the brain parenchyma adjacent to the occluded AVM nidus. 
